ABSTRACT. Acrocomia aculeata is a plant rich in antioxidant compounds. Studies suggest that this plant has anti-inflammatory, antidiabetic, and diuretic potential. We assessed the antigenotoxic, antimutagenic, immunomodulation, and apoptotic potentials of A. aculeata alone and in combination with an antitumor agent, cyclophosphamide. Swiss male mice (N = 140) were used. The animals were divided into 14 experimental groups as follows: a negative group, a positive group (100 mg/kg cyclophosphamide), groups that only received the oil extracted from the almond (AO) and from the pulp (PO) of A. aculeata at doses of 3, 15, and 30 mg/kg, and the associated treatment groups (oils combined with cyclophosphamide) involving pretreatment, simultaneous, and post-treatment protocols. Data suggest that both oils were chemopreventive at all doses, based on the tested protocols. The highest damage reduction percentages, observed for AO and PO were 88.19 and 90.03%, respectively, for the comet assay and 69.73 and 70.93%, respectively, for the micronucleus assay. Both AO and PO demonstrated immunomodulatory activity. The oils reduced the capacity of cyclophosphamide to trigger apoptosis in the liver, spleen, and kidney cells. These results suggest that A. aculeate AO and PO can be classified as a functional food and also enrich other functional foods and nutraceuticals with chemopreventive features. However, they are not appropriate sources for chemotherapeutic adjuvants, in particular for those used in combination with cyclophosphamide.
INTRODUCTION
The need for compounds to prevent, cure, or treat cancer is increasing, as this disease is a leading cause of death worldwide, second only to cardiovascular diseases (Xie et al., 2013) . Ideally, new anticancer agents should exhibit greater specificity and selectivity for tumor cells and induce few side effects (Navarro et al., 2014) .
Carcinogenesis may be related to the occurrence of toxicogenetic damage (Mantovani et al., 2008) , which could be prevented through the use of nutraceuticals (Bachur et al., 2007) with chemopreventive properties. Such preventive effects might be achieved through the consumption of diets enriched with compounds that are able to reduce the occurrence of genotoxic and/or mutagenic damage (Maluf and Erdtmann, 2003) , as the aim of chemoprevention is to prevent, arrest, or reverse either the initial phase of carcinogenesis or the progression of neoplastic cells to malignancy (Baek et al., 2009) .
High levels of bioactive compounds are found in plants, many of which have been tested for chemopreventive properties (Mantovani et al., 2008 ). The list of tested plants includes Acrocomia aculeata, a plant native to South and Central America with demonstrated medicinal (Traesel et al., 2014 (Traesel et al., , 2015 and nutraceutical (Lescano et al., 2015) properties.
A. aculeata is popularly known in Brazil as macaubeiro, bacaiúva, bocaiúva, cocode-catarro, coco-de-espinho, imbocaiá, macaíba, macaiúva, macaúba, macujá, mocujá, and umbocaiúva (Lorenzi et al., 2006) . This palm tree is widely distributed across the Brazilian Cerrado, especially in the States of Mato Grosso do Sul, São Paulo, and Minas Gerais, but it is also found in Paraná, Pará, Paraíba, and Pernambuco (Lanes et al., 2015) .
Folk medicine uses the pulp of the fruit as a laxative and the oil as an analgesic. When mixed with macerated drupes, the oil is also used to treat respiratory illnesses (Lorenzi et al., 2006) . According to Lescano et al. (2015) , the pulp oil exhibits anti-inflammatory and diuretic activities. The roots of A. aculeata are used by indigenous peoples in Mexico to treat diabetes (Sosnowska and Balslev, 2008) and there are descriptions of cosmetic uses for skin hydration and rejuvenation (Lima et al., 2003) because of the antioxidative properties of the plant (Coimbra and Jorge, 2011) .
As antioxidants are one relevant type of chemopreventive agent (Sies, 1993) , the present study assessed the ability of the oils extracted from A. aculeata almond and pulp to prevent toxic genetic damage by the antitumor agent cyclophosphamide. We also investigated immunomodulation and apoptotic effects of the oils.
MATERIAL AND METHODS

Plant collection and identification
Pulp and almond oil were prepared from ripe fruits harvested between March 2010 and February 2011 from plants growing on the sides of the Dourados-Panambizinho highway in Alto Café, Maracaju district, Mato Grosso do Sul, at latitude 21°36'52'' South, longitude 55°10'06'' West and an altitude of 384 m.
Oil production
The fruits were rinsed, peeled, scarified, and dried in a convection oven at 50°C for 2 h. Next, the almond and dry pulp fragments were ground and stored under refrigeration at 7°C.
Each dried sample (500 g) was combined with 1 L hexane. The mixtures were transferred to 2000-mL Büchner flasks and left to rest, it protected from light for 7 days. The samples were then filtered and concentrated in a rotary evaporator at 57°C (Oetterer et al., 2006) .
The oils, hereafter referred to as the almond oil (AO) and pulp oil (PO), were stored under refrigeration at 4°C until use. Determination of the acid values, transesterification, and characterization of methyl monoesters have been accomplished by Traesel et al. (2014) .
Chemical agents
The chemotherapeutic agent cyclophosphamide (Ítaca Laboratórios -Fosfaseron ® , REG. M.S. No. 1.2603.0056.002-1; Batch 063020, Brazil), an indirect alkylating agent, was used as a positive control to induce DNA damage. Cyclophosphamide was prepared in normal saline (0.9% NaCl), pH 7.4, and applied in a single dose of 100 mg per kg body weight (bw) via intraperitoneal (ip) injection (Fedel-Miyasato et al., 2014a) .
The oils (AO and PO) were diluted in 4% Tween and 1% ethanol and administered at doses of 3, 15, and 30 mg/kg (bw) via oral gavage (po).
Animals
A total of 140 sexually mature male Swiss mice (Mus musculus) weighing an average of 39 g were used. The animals were from the Central Vivarium of the Center of Biological and Health Sciences, Federal University of Mato Grosso do Sul (Centro de Ciências Biológicas e da Saúde da Universidade Federal de Mato Grosso do Sul -CCBS/UFMS). The animals were kept in propylene boxes containing wood shavings, fed a commercial diet (Nuvital Alimentos e Produtos Veterinários Ltda. ® , Curitiba, PR, Brazil), and given filtered water ad libitum. The animals were maintained under standard acclimation conditions in ventilated racks (ALESCO Indústria e Comércio Ltda. ® , Monte Mor, SP, Brazil) under a 12-h photoperiod (12-h light/12-h dark), at a temperature of approximately 22° ± 2°C and a relative humidity of 55 ± 10%. The experiment complied with the guidelines of the Universal Declaration of Animal Rights and was approved by the animal Ethics Committee of UFMS (ruling #399/2011).
Experimental design
The animals were divided into 14 groups and treated as described in Table 1. C-: negative control group; C+: positive control group; AO: almond oil; PO: pulp oil; Pre: pretreatment; Sim: simultaneous treatment; Post: post-treatment; po: oral gavage; ip: via intraperitoneal; bw: body weight. Twenty-four hours after the final administration of treatments (T1), two 20 µL peripheral blood samples were collected for the comet and micronucleus assays. Additional peripheral blood samples (20 µL) were collected 48 (T2) and 72 (T3) h after the final treatment for the micronucleus assay. The animals were then euthanized via cervical dislocation and the spleen, liver, and kidneys were harvested for the spleen phagocytosis and apoptosis tests.
Toxicogenetic assessment
Approximately one-third of the spleen was macerated with normal saline until a suspension formed. A 100-µL aliquot of the suspension was then transferred to a slide that had previously been stained with 20 µL acridine orange (1.0 mg/mL) and covered with a cover slip. The slides were stored at -20°C until analysis. Microscopic analysis was performed using a fluorescence microscope (Bioval Representações e Consultoria Ltda. 
Differential blood count
Peripheral blood samples (20 µL) were smeared on glass slides. The slides were then dried at room temperature (25° ± 2°C) and stained with the PanOptic kit (NEWProv Produtos para Laboratório ® , Pinhais, PR, Brazil, Batch 14429E) according to the manufacturer protocol. The slides were examined using light-field microscopy at a 1000X magnification. A total of 100 cells were analyzed per animal and categorized as lymphocytes, neutrophils, monocytes, eosinophils, and basophils (Navarro et al., 2014 ).
Apoptosis assay
Samples (100 µL) of macerated spleen, liver and kidney were spread on glass slides. After drying at room temperature, the slides were fixed with Carnoy's solution for 5 min. Next, the slides were subjected to a series of decreasing ethanol concentrations (95, 75, 50, and 25%), followed by rinsing with McIlvaine buffer for 5 min. The slides were then stained with acridine orange (0.01%) for 5 min and were rinsed again with buffer. A total of 100 cells per animal were analyzed. Apoptotic cells were identified by analyzing the resultant DNA fragmentation patterns (Navarro et al., 2014) .
Calculating the percentage of damage reduction
The percentage of damage reduction (%DR) was calculated using the following equation:
Mean of positive control -Mean of associated group %DR = x 100 Mean of positive control -Mean of negative control
Statistical analysis
Results are reported as means ± standard error of the mean (SE). Data were analyzed using two-tailed, unpaired t-tests using GraphPad Prism software (Version 3.02; Graph-Pad Software Inc., San Diego, CA, USA). The significance level was set at P < 0.05.
RESULTS
Biometric parameters
The animals' initial and final body weights were not significantly different (P > 0.05), suggesting that the applied treatments were not toxic (Table 2) .
Toxicogenetic action
Neither AO nor PO caused toxicogenetic damage, as comets and micronuclei were equally frequent in the treatments and in the negative control (P > 0.05; Tables 3 and 4). The chemopreventive action of the oils was demonstrated by the high %DR values in both the antigenotoxicity and antimutagenicity tests relative to pretreatment, simultaneous treatment, and post-treatment values at all three doses (Tables 3 and 4) .
The %DR values in the antigenotoxicity analysis of AO were 70. 60-80.05, 64.57-69.29, and 78.74-88.19% for the pretreatment, simultaneous treatment, and post-treatment protocols, respectively. The corresponding %DR of PO were 82. 68-87.66, 64.57-78.22, and 85.04-90 .03% for the pretreatment, simultaneous treatment, and post-treatment protocols, respectively (Table 3) .
In the antimutagenicity analysis of AO, the %DR values corresponding to the pretreatment, simultaneous treatment, and post-treatment protocols were 59.11-61.66, 40.89-68.69, and 57.19-68 .05%, respectively, at T1. These values were 54. 59-60.54, 29.19-63.24, and 47.57-69 .73% at T2. These values were 37. 84-58.56, 26.13-56.76, and 50.45-64.86% at T3. For PO, the corresponding %DR values were 60. 70-70.93, 12.14-42.49, and 61.98-67 .09%, respectively, at T1. These values were 60. 54-66.49, 26.49-56.76, and 49.73-56 .76% at T2. These values were 36. 94-55.86, 40.54-59.46, and 21.62-44.14% at T3. Statistical analysis demonstrated the efficiency of the chemopreventive treatment under all doses and protocols with the exception of I) the lowest dose of AO in the pretreatment protocol at T3; II) the lowest PO dose in the simultaneous treatment protocol at T1; and III) the lowest PO dose in the post-treatment protocol at T3 (Table 4) .
Immunomodulation
Administration of both oils increased immunomodulatory activity by 1.15-and 1.17-fold (P < 0.05). The oils reduced the rate of cyclophosphamide-induced spleen phagocytic activity under all doses and protocols by approximately 1.73-fold (P < 0.05). This effect was most remarkable for the pretreatment protocol at the highest dose and for the simultaneous b compared with positive control; *Statistically significant differences (P < 0.05). treatment protocol at the lowest dose, where reductions of 43.8 and 44.4% relative to the positive control were observed for AO and PO, respectively. The smallest effects (8.6 and 7%) were obtained under the simultaneous treatment protocol at the highest doses of AO and PO, respectively (Table 5) . The results regarding the differential blood count obtained in the experiments with AO were as follows: I) discrete lymphocytopenia was observed in the animals pretreated with the two highest doses, in animals subjected to simultaneous treatment with the intermediate dose, and in the animals post-treated with the highest dose (P < 0.05); II) discrete neutrophilia occurred in the animals pretreated with the two highest doses and in those subjected to simultaneous treatment with the intermediate dose (P < 0.05); and III) monocyte, eosinophil, and basophil counts were not significantly different from the reference values, except for those in the group pretreated with the intermediate dose. This group exhibited a significant reduction in the basophil count (P < 0.05) compared with that of the positive control (Table 6 ). The results for the experiments with PO were as follows: I) discrete lymphocytopenia was observed in the PO group pretreated with the intermediate dose, in the mice subjected to simultaneous treatment with the two highest doses, and in the mice post-treated with the highest dose (P < 0.05); II) discrete neutrophilia was found in the animals treated with the intermediate dose, those subjected to simultaneous treatment with the two highest doses, and those post-treated with the highest dose (P > 0.05); and III) monocyte, eosinophil, and basophil counts did not differ from the reference values (Table 6) . SE: standard error; DR%: damage reduction percentage; C-: negative control group; C+: positive control group; AO: almond oil; PO: pulp oil; Pre: pretreatment; Sim: simultaneous treatment; Post: post-treatment. a Compared with negative control; b compared with positive control; *statistically significant differences (P < 0.05). Compared with negative control; b compared with positive control; *statistically significant differences (P < 0.05). 
Apoptosis
Cyclophosphamide administration increased the frequency of apoptosis in the spleen, liver, and kidneys by 16.43-, 19-, and 25.25-fold, respectively. AO and PO treatment did not induce any change in the frequency of apoptosis compared with the negative control. Under all doses and protocols in the combined groups, the frequency of cyclophosphamide-induced apoptosis was decreased by up to 57.5-fold in the spleen, 114-fold in the liver, and 50.5-fold in the kidneys of the animals treated with AO and by 115-fold, 57-fold, and 101-fold in the same tissues of animals treated with PO (Table 7) .
DISCUSSION
As cancer is one of the most common causes of death worldwide (Xie et al., 2013; WHO, 2015) , the identification of medicinal and/or nutraceutical plants able to prevent the DNA damage associated with the onset of this disease has significant relevance to public health. Plants or parts of plants that can be consumed daily at a low cost and are able to prevent the development of tumors represent a significant category of functional foods at the present time. b compared with positive control; *statistically significant differences (P < 0.05). Functional foods or nutraceuticals are foods that help maintain health by reducing the risk of diseases through their abilities to modulate various body functions. Some of the main types of functional foods contain antioxidants that are able to inhibit or reduce the rate of oxidation reactions, such as those induced by reactive oxygen species that cause DNA damage. Therefore, antioxidants are considered to be inhibitors of carcinogenesis (Oliveira et al., 2006) .
A. aculeata contains bioactive compounds that are important in human diets (Bressan et al., 2009) , such as oleic acid, β-carotene, and tocopherols (Coimbra and Jorge, 2011) . Therefore, this species has been subjected to genotoxicity and mutagenicity assays, in addition to immunomodulation and apoptosis tests, to assess properties of the plant that may reduce the development of cancer.
The results of the present study showed that AO and PO are nontoxic, as the experimental animals did not exhibit a significant change in weight that would indicate toxicity. Furthermore, the oils did not induce toxicogenetic damage, demonstrated by the fact that the frequency of comets and micronuclei did not increase at any of the tested doses. These findings confirm those reported in a study by Traesel et al. (2014) , who assessed the toxicological profile of A. aculeata PO in acute and subacute toxicity assays. Their results showed that the median lethal dose (LD 50 ) was over 2000 mg/kg and that doses of 150-1000 mg/kg did not alter hematologic, biochemical, or histologic parameters. The lack of toxicity was also reported by Traesel et al. (2015) . This study established the LD 50 with doses above 2000 mg/kg and found a lack of genotoxicity and mutagenicity for doses of 125-2000 mg/kg.
The oils exhibited both antigenotoxic and antimutagenic activity, thus demonstrating their chemopreventive nature in all of the tested protocols. Comet frequency decreased at all of the tested doses. Only the lowest dose of AO in the pretreatment protocol (T3), the lowest dose of PO in the simultaneous treatment protocol (T1), and the lowest dose of PO in post-treatment protocol (T3) failed to exhibit chemopreventive activity in the micronucleus assay. The oils, which exhibit overall high %DR values, are therefore considered relevant chemopreventive agents that can act by desmutagenesis and bioantimutagenesis.
Antimutagenesis is the type of desmutagenesis that occurs when compounds are shown to hinder the action of genotoxic or mutagenic agents in tests, mainly by adsorption (Kada et al., 1982) . These compounds mainly act in the extracellular compartment. In turn, SE: standard error; ACC: apoptotic cell count; C-: negative control group; C+: positive control group; Pre: pretreatment; Sim: simultaneous treatment; Post: post-treatment. a Compared with negative control; b compared with positive control; *statistically significant differences (P < 0.05). Table 7 . Apoptotic evaluation of cells from the spleen, liver, and kidneys.
bioantimutagenesis refers to increases in the fidelity of enzymes involved in DNA repair and replication by promoting error-free repair or inhibiting certain low-fidelity repair systems. Thus, this process takes place in the intracellular compartment (Kada and Shimoi, 1987; Oliveira et al., 2006 Oliveira et al., , 2007 .
In vivo experiments reported in the literature indicate that simultaneous treatment assesses both desmutagenesis and bioantimutagenesis, while pretreatment assesses the desmutagenic mode of action and post-treatment assesses the bioantimutagenic mode of action. The administration route and time required for absorption of the tested foods or compounds should be taken into consideration (Primo et al., 2010; Pesarini et al., 2014) . The present study employed protocols recommended in the literature to classify the mode of action of the A. aculeata oils, thus reporting these modes of action in the literature in a pioneering manner.
In addition to the aforementioned modes of action, reports in the literature indicate that antimutagenesis is directly associated with spleen phagocytosis events. In general, the induction of DNA damage (demonstrated by an elevated frequency of comets and micronuclei) is directly correlated with increased spleen phagocytic activity (Ishii et al., 2011; Gonçalves et al., 2014) . Thus, this increased phagocytic activity is another potential means of clearing damaged cells, possibly indicating a new mode of action and/or behavior of the body to eliminate cells with genetic abnormalities. This way of eliminating cells would be important because there is a close relationship between the development of cancer and mutagenesis (Loureiro et al., 2002 ).
The present study shows that the tested antitumor agent and the oils, at the lowest and the highest doses applied, are able to stimulate spleen phagocytic activity. The significant increase in spleen phagocytic activity when the antitumor agent was applied might account for the increase in the number of cells with DNA damage that were measured by the comet and micronucleus assays. However, spleen phagocytic activity is increased without an increase in the number of cells with DNA damage when the oils were administered, since the oils do not exhibit toxicogenetic activity (neither genotoxicity nor mutagenicity). This finding suggests that the increase in spleen phagocytic activity might be mediated by immunomodulating mechanisms, rather than only being a response to genotoxic and mutagenic damage leading to an increase of the number of active macrophages in the spleen (Ishii et al., 2011; Fedel-Miyasato et al., 2014b; Gonçalves et al., 2014) . When cyclophosphamide was combined with the oils using various doses and protocols, the levels of spleen phagocytic activity were intermediate between the levels exhibited by the groups treated with the oils alone and the group treated only with cyclophosphamide. Together with the high %DR values obtained, these intermediate levels suggest that the main modes of the antimutagenic action of the oils are desmutagenesis and bioantimutagenesis and that the reduction in the number of circulating micronucleated cells is not due to increased spleen activity.
No relevant changes in the differential blood count were observed. This finding corroborates previous reports of low immunomodulatory activity of the tested oils under the present design.
When administered alone, the oils did not induce apoptosis in the spleen, liver, or kidneys. This finding supports the aforementioned claims regarding the lack of toxicity of the oils. In the combined protocols, the frequency of apoptosis in all three organs was significantly lower in the oil treatment groups than in the positive control. This finding suggests that the oils exhibit high anti-apoptotic activity. These data, together with the high %DR values obtained in the post-treatment protocol, provide confirmation of the bioantimutagenic mode of action. Reduced apoptosis implies that the genetic damage induced by the antitumor agent was repaired before it could accumulate to extent that cells became unviable and apoptosis was triggered. Similarly, the high %DR values observed under the pretreatment protocols suggest that the oils exhibited desmutagenic action, specifically through inhibiting the mutagenic action of cyclophosphamide (Oliveira et al., 2006) . The results of simultaneous treatment do not indicate which antimutagenic mechanism occurred, but they support the interpretation of both aforementioned modes of action.
Similar results were reported by Oliveira et al. (2007) , who found that β-glucan, an important antioxidant agent, exhibited simultaneous antimutagenic and anti-apoptotic activities. The authors described the desmutagenic and bioantimutagenic modes of action of β-glucan in CHO-K1 cells. They found that the bioantimutagenic action was less efficient. The authors repeated the tests with repair-deficient (xrs-5) CHO cells to confirm the bioantimutagenesis. These results revealed an absence of chemopreventive activity (antimutagenesis) and an increase of the frequency of apoptosis, which occurred because of the absence of an efficient repair system in this cell line.
We could infer that the products tested in this study possess the same bioantimutagenic action demonstrated by Oliveira et al. (2007) because β-glucan is an antioxidant and A. aculeata oils also contain antioxidant compounds (Coimbra and Jorge, 2011) . Cyclophosphamide is a DNA alkylating agent with a considerable capacity to form intermediate compounds with free radicals that induce adverse effects in the body, such as the late formation of secondary tumors (Laurence et al., 2012) . According to Weijl et al. (1998) , these effects might be minimized through the concomitant administration of chemopreventive agents with antioxidant action, as anticancer drugs do not rely on free radical formation to kill the tumor cells. Therefore, antioxidants would not interfere with the action of the antineoplastic agents. However, we found that damage reduction was also high in the simultaneous treatment protocols, indicating that the oils might act via pathways other than their inferred antioxidant action. In this context, it is prudent to note that the oils should not be used as adjuvants during treatment with cyclophosphamide because they inhibit its genotoxic and mutagenic actions.
The results of the present study suggest that the oils of A. aculeata pulp and almond might represent functional foods with chemopreventive properties. Thus, they exhibit nutraceutical potential for cancer prevention. However, they are not adequate as sources for adjuvants to chemotherapeutic agents, particularly cyclophosphamide, because they are able to reduce mutagenic and apoptotic efficiency of this agent.
